Soundscapes are multidimensional spaces that carry meaningful information for many species about the location and quality of nearby and distant resources. Because soundscapes are the sum of the acoustic signals produced by individual organisms and their interactions, they can be used as a proxy for the condition of whole ecosystems and their occupants. Ocean acidification resulting from anthropogenic CO 2 emissions is known to have profound effects on marine life. However, despite the increasingly recognized ecological importance of soundscapes, there is no empirical test of whether ocean acidification can affect biological sound production. Using field recordings obtained from three geographically separated natural CO 2 vents, we show that forecasted end-of-century ocean acidification conditions can profoundly reduce the biological sound level and frequency of snapping shrimp snaps. Snapping shrimp were among the noisiest marine organisms and the suppression of their sound production at vents was responsible for the vast majority of the soundscape alteration observed. To assess mechanisms that could account for these observations, we tested whether long-term exposure (two to three months) to elevated CO 2 induced a similar reduction in the snapping behaviour (loudness and frequency) of snapping shrimp. The results indicated that the soniferous behaviour of these animals was substantially reduced in both frequency (snaps per minute) and sound level of snaps produced. As coastal marine soundscapes are dominated by biological sounds produced by snapping shrimp, the observed suppression of this component of soundscapes could have important and possibly pervasive ecological consequences for organisms that use soundscapes as a source of information. This trend towards silence could be of particular importance for those species whose larval stages use sound for orientation towards settlement habitats.
Introduction
A soundscape is a mosaic of biological, geophysical and anthropogenic sounds that encompasses various landscape features and ecosystem processes [1] . Soundscape ecology, despite its value for applied research, remains a relatively young field of research undergoing rapid progress [2] .
The soundscape generated by a specific habitat represents a multidimensional space that carries decision-making information needed for locating and evaluating resources [3] . This information informs both residents and dispersing species about the composition of the local species community, the amount of available resources (such as food, territory and partners), and the presence of potential predators [3] [4] [5] . Research has shown that the quality of individual signals produced by soniferous animals is affected by stress levels [6] , habitat condition [7] and climate [8, 9] . Hence, habitats impacted by anthropogenic perturbations produce distinct acoustic signatures associated with changes in biodiversity [10] and ecological conditions [11, 12] .
The pelagic dispersal of marine propagules connects populations via replenishment. Despite its ecological importance, this recruitment process has been poorly understood until recently and often referred to as a 'black box' in the life history of marine species. Research showed that this process is far from being stochastic as larvae of many species are able to locate and selectively swim towards preferred settlement habitats using a set of sensory cues such as sounds, odours and light [13] . Sound is one of the most reliable directional cues in the ocean because it propagates to up to thousands of kilometres with little attenuation and in a predictable manner [14, 15] . Visual and olfactory cues instead are easily confounded by light, turbidity and turbulence making them less reliable for long-distance orientation. In the marine realm, a variety of marine organisms use soundscapes for orientation during the crucial and delicate process of dispersal and settlement. Studies have provided robust evidence that propagules of both vertebrates [5,16 -18] and invertebrates [19] [20] [21] can use sound to orient themselves towards suitable settlement habitats, underpinning the important functional role of soundscapes as mediators of connectivity and population replenishment. Despite this important ecological role that soundscapes play in the ocean, it is puzzling that the potential effects of ocean acidification on sound production have never been explored.
Ocean acidification will likely change marine ecosystems within this century [22 -24] , but the processes through which this will occur are not always obvious. Coastal marine sounds are largely of biological origin, hence, potentially vulnerable to ocean acidification. The most common sources of marine biological sounds are snapping shrimp snaps, sea urchin raspings and fish vocalizations [25, 26] . Snapping shrimp (family Alpheidae), are the most ubiquitous and noisy soniferous animals in coastal ecosystems [27] [28] [29] . These shrimp possess the unique ability to produce some of the loudest sounds in the ocean (up to 210 dB re 1 mPa at 1 m) [27] , which appear to be second only to sperm whale clicks (up to 236 dB re 1 mPa at 1 m) [30] . Such extreme sound levels are achieved by the formation of cavitation bubbles upon rapid closure of the snapping claw [31] . The snapping behaviour is used by these animals for a variety of purposes such as predation and agonistic behaviour [32] , and they are responsible for the permanent characteristic broadband background crackling sound that propagates long distances offshore [33] . The importance of snapping shrimp sounds for the orientation of larvae has earlier been shown in an in situ study where natural larval fish communities showed higher attraction towards soundscapes with highfrequency (more than 570 Hz) snapping shrimp-generated sound compared with non-snapping shrimp-generated low-frequency soundscapes (less than 570 Hz) [34] .
We here tested whether the functional role of biological soundscapes might be jeopardized by global change. We studied how ocean acidification can affect coastal marine soundscapes by making in situ audio recordings at three disparate natural CO 2 vents in temperate waters of both the Northern and Southern Hemispheres. Results indicated a substantial reduction in snapping shrimp sound quantity and quality in areas where the pCO 2 concentration of seawater matched end-of-century projections of human CO 2 emissions. Using long-term (two to three months) CO 2 exposure laboratory experiments on sound production by snapping shrimp, we then provide a potential mechanism that could explain the loss of sound quantity and quality in marine ecosystems due to projected ocean acidification.
Material and methods (a) Study sites
Three natural CO 2 vents in temperate waters-Vulcano and Ischia in Italy and White Island in New Zealand (electronic supplementary material, figure S1)-were used to assess the effect of forecasted end-of-century CO 2 levels, based on the RCP 8.5 business-as-usual scenario of human greenhouse gas emissions [35] figure S1 ). A pH gradient is present with values that range from extreme (more than 2000 matm pCO 2 ) to roughly ambient levels along a 700-m stretch of rocky coast along the northern side of Levante Bay [36] . We selected an extreme CO 2 , an elevated CO 2 (representing end-of-century projections) and a control area (electronic supplementary material, table S1) along this gradient and made sound recordings at seven stations (electronic supplementary material, figure S1 ). Even though we included areas representing extreme pCO 2 values, all our conclusions are based on forecasted realistic end-of-the century pCO 2 levels. Similarly, at the island of Ischia, shallow cold CO 2 vents are present around Castello Aragonese (40843 0 51.87 00 N, 13857 0 47.13 00 E), where we made recordings at three well-characterized stations based on previous studies [37, 38] (electronic supplementary material, figure S1 ). White Island is a volcanic island located in the Bay of Plenty, North Island of New Zealand (37827 0 S, 177817 0 E; electronic supplementary material, figure S1). CO 2 vents unaffected by temperature are located along the northeast rocky coast of the island (electronic supplementary material, table S1) [39, 40] . We selected an elevated CO 2 and a control area and made sound recordings at four stations (electronic supplementary material, figure S1 ). Carbonate chemistry measurement and analysis are described in the electronic supplementary material.
(b) Soundscape recordings and analysis
Snapping shrimp snaps, sea urchins rasping and fish vocalizations are the most common sources of marine biological sound and are known to peak at dusk during the so-called 'dusk chorus' and remain active until morning [25, 26] . For this reason, we focused the sampling effort at the immediate hours after dusk. The recordings were made with a Hydrophone (HiTech HTI-96-MIN with inbuilt preamplifier, manufacturer-calibrated sensitivity -164.1 dB re 1 V mPa
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; frequency range 0.02-30 kHz; High Tech Inc., Gulfport, USA) and a calibrated audio recorder (PCM-M10, 48 kHz sampling rate, Sony Inc., Tokyo, Japan). At Vulcano and Ischia, 5 min recordings were obtained at each station along the CO 2 gradient at 1 m from the bottom of a mixed rocky and seagrass habitat ranging in depth between 1 and 4 m. Recordings were obtained in late summer (between 14 and 18 September 2013 at Vulcano and between 27 and 28 September 2014 at Ischia) under calm sea conditions in the first hour after sunset. During the sampling period, the moon phase was between waxing gibbous and full moon for Vulcano and waxing crescent for Ischia. At White Island, the same recording apparatus as described above was enclosed in a waterproofed barrel fixed to an anchored buoy for overnight recordings. The hydrophone was deployed at 5 m depth over a rocky seafloor whose sea surface ranged between 8 and 12 m depending on station and tide. Recordings were made over rocky reef bottom characterized by kelp, turf-forming algae and urchin barrens. The abundance of sea urchins at White Island did not vary between control and elevated CO 2 areas (Sean Connell 2013, personal observation). Night recordings were performed over four consecutive nights under full moon (18-21 November 2013). During the rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20153046 recordings, the swell height ranged between 0.7 and 1.5 m. All audio files were high-pass filtered at 300 Hz in order to remove wave noise. Additional methods for the soundscape analysis are described in the electronic supplementary material.
(c) Snapping shrimp experiments
Preliminary experiments showed that snapping shrimp produce snaps spontaneously when left undisturbed without contact with conspecifics or other external stimuli. This suggests that the snapping behaviour is not only used as a defence/offence mechanism as suggested by the literature. Furthermore, snapping shrimp were able to widely modulate the intensity of the snaps when left undisturbed but produced consistently loud snaps upon simulated aggression. Based on these observations, we conducted two types of behavioural experiments on snapping behaviour. First, we recorded number and intensity of snaps produced spontaneously overnight in the absence of external stimuli, and second we measured the intensity of snaps produced upon simulated aggression as a proxy for maximum snapping performance achievable. The electronic supplementary material contains detailed descriptions of these experiments.
Snapping shrimp of the species Alpheus novaezelandiae (Miers, 1876) were collected using SCUBA in a stony pebbled bottom habitat at Rapid Bay, South Australia on 7 and 13 February 2014. Following one week of acclimation to the laboratory conditions, the animals were assigned to control and end-of-century CO 2 conditions targeting a pCO 2 level of around 1000 matm [35] (electronic supplementary material, table S1). Shrimps were housed in 40 l tanks (two tanks per treatment) where each individual was enclosed in a 10 Â 5 cm container and fed pelleted feed for crustaceans every other day. Overnight shrimp snapping frequency was recorded in the period of 23 April-22 May 2014, after long-term (two months) exposure to elevated CO 2 . Intensity of defensive snaps of shrimp was measured after three months of exposure to elevated CO 2 . All shrimp moulted within the first month of exposure. Shrimp activity levels, moulting time, claw and carapace length were also measured and are described in details in the electronic supplementary materials.
Results (a) Soundscape alteration
In situ sound recordings in the CO 2 -affected areas revealed a marked decline in sound intensity in the frequencies corresponding to snapping shrimp sound (approx. above 500 Hz with peak at approx. 4 KHz) [41] at all sites, as observed by acoustic spectra (figure 1a,b; electronic supplementary material, figure S2 ). Likewise, the full bandwidth sound pressure level (SPL) and the number of snaps by snapping shrimp significantly decreased at elevated as well as extreme CO 2 levels compared to the controls (ANOVA, SPL, F 2,5 ¼ 27.8, p ¼ 0.002; snaps, F 2,5 ¼ 12.4, p ¼ 0.012) ( figure 2a,b) . This pattern holds when analysed at the site level (electronic supplementary material, figure S3 ) despite the fact that observations were made at different dates and moon phases. Regression analysis showed that the number of snaps explained 84% of the variation in full bandwidth SPL less than 10 kHz, with a positive significant relationship between the two variables (ANOVA, F 1,16 ¼ 85.5, p , 0.001) (figure 2c). At Vulcano, fish vocalizations with peak frequency approximately 800 Hz were detected at the elevated CO 2 area (figure 1b), but the mobility of soniferous fish makes this result hard to link to a possible effect of high CO 2 . Sounds around 1.2 kHz, probably originating from sea urchin rasping [42] , were detected at White Island but showed no difference between treatments ( figure 1a,b) . This was consistent with a uniform presence of sea urchins at White Island control and elevated CO 2 areas (Sean Connell 2013, personal observation). Furthermore, at the extreme CO 2 areas of Vulcano and Ischia, noise below 2 kHz originated from CO 2 bubbles seeping through the seafloor as confirmed by aural and visual observation of the spectrograms.
(b) Snapping shrimp experiments
The diminished sound level and frequency of snaps at CO 2 vents may be driven by at least four potential mechanisms. figure S4 ). Second, a decrease in snapping shrimp sound production at CO 2 vents could also be the result of a physico-mechanical impairment of the snapper claw due to altered calcification caused by elevated CO 2 . We tested the sound level of defensive snaps in the laboratory, as a proxy of maximum snap intensity achievable, but detected no significant differences after three months of elevated CO 2 exposure (ANOVA, F 1,12 ¼ 0.74, p ¼ 0.41) (figure 3c). Furthermore, carapace length, claw length and moulting time were not affected by treatment conditions (electronic supplementary material, figure S4 ). Third, a decrease in snapping shrimp sound at CO 2 vents could result from sparser abundance of these animals at the vents. Quantification of snapping shrimp abundance in the field is difficult due to their highly cryptic nature, yet other studies have shown reduced shrimp abundances at both temperate and tropical natural CO 2 vents [37, 43] . Finally, habitat change due to high CO 2 [40] might alter the shrimps snapping behaviour and/or abundance.
Discussion
Biological sounds are recognized as important orientation cues for various marine organisms due to their long propagation distance and richness of biological information that they carry [17] . Snapping shrimp crackle is certainly the most common biological feature of marine coastal soundscapes and often dominates background abiotic noise. In this study, we found elevated CO 2 to reduce snapping shrimp sound production as suggested by field measurements at CO 2 vents and confirmed by laboratory experiments. Our results indicate that this is caused by CO 2 -induced disruption of snapping shrimp soniferous behaviour, and not through a physico-mechanical impairment of their claw. This result is consistent with recent findings that show how ocean acidification can impair key behaviours in invertebrates, such as predator escape responses [44] [45] [46] . However, additional non-exclusive explanations exist for the pattern observed at CO 2 vents. Elevated CO 2 levels could indirectly penalize shrimps by changing their habitat quality through reduction of the cover of canopy-forming algae and by favouring opportunistic turf-forming algae [23, 40] . This could potentially be responsible for a reduction in shrimp population abundance and further changes in their behaviour.
At the natural vents, CO 2 levels representative of endof-century ocean acidification scenarios coincided with a substantial decrease not only in the number of snapping shrimp snaps but also in the total acoustic output of the reef. Extrapolating this result from the localized CO 2 vents to future oceans, where there will be few to no refuges to global acidification, we can expect potentially detrimental effects for population replenishment by dispersing larvae that rely on sound for orientation. Furthermore, as not all fish rely equally on sound this might promote changes in community structure of recent settlers. Models suggest that ocean acidification levels expected by the end of the century will significantly decrease sound absorption in the ocean [47] , potentially compensating for the loss in biogenic sound caused by ocean acidification found in this study. However, by considering the main energy loss mechanisms in shallow waters and the distances likely to be relevant for fish orientation (less than 10 km), the effect of pH on sound absorption is negligible because geometric spreading accounts for most of the sound loss from the source [48, 49] .
If levels of biological sound in the oceans are reduced while anthropogenic noise levels continue to increase [50] , then biological sound cues are likely to become less important for orientation. Larvae will have to either rely on other relevant environmental cues or extend their oceanic larval stage until they come within reach of the reduced sound detection zone of potential settlement habitats. A prolonged oceanic life phase, due to delayed settlement, is likely to increase predation risk, delay occupancy of food-rich benthic habitats and undermine successful establishment. As orientation towards suitable settlement habitat is a key process in the life of most marine organisms, the findings of our study have important implications for the replenishment of marine populations and ecosystems, and connectivity between source and sink areas. Future research could investigate the effect of CO 2 not only on sound-producing animals, but also on those species that are known to use sound as a settlement cue [20, 51] . This aspect of research is of particular priority because CO 2 can reverse auditory preferences in fish [52] [53] [54] . The potential for adaptation to ocean acidification remains largely unknown, but recent findings show lack of trans-generational acclimation in fish [55] . Furthermore, compensatory effects through dependence on other senses are possible, but a wide range of studies have demonstrated negative effects of ocean acidification on vision, olfaction, and other senses in fishes and invertebrates [56] . In conclusion, the results of our study show that ocean acidification could significantly reduce the amount of biological sound in coastal soundscapes by affecting snapping shrimp behaviour. Given the important role of soundscapes for the orientation of propagules, our results suggest that ocean acidification could have negative indirect effects on the process of larval orientation and settlement in marine organisms. Authors' contributions. All authors contributed to the design of the study, collection of the data and writing of the article. T.R. analysed the data.
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